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Abstract 
Heterogeneity in mudstone/shale layers has significant effects on seal integrity. The presence of intra-layer 
sandstone channels in a seal layer may allow the buoyant CO2 to escape from the reservoir, even if the globally-
averaged permeability of the seal layer seems sufficiently low. We carried out numerical simulations to study the 
effects of seal discontinuity on the long-term behaviour of CO2 injected into deep saline aquifers. The results indicate 
that properties of such channels becomes key factors of seal integrity and following mass phase distribution of CO2 
trapped by startigraphic, dissolution, and residual gas mechanism, if present in a seal. 
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1. Introduction 
Low permeable shale/mudstone layer is considered to be a seal for geological storage of CO2. In 
general, permeability of 10-17 m2 and below is low enough to seal CO2 flow [1, 2]. Conservatively, a seal 
layer is represented as a porous media with the low permeability. However, geological formations are 
often to be heterogeneous in reality that a mudstone layer would include some discontinuity such as 
fractures/sandstone intercalations [3, 4]. If such intercalations form a network of high permeable intra-
layer leakage paths, the CO2 plume behaviour may be significantly different with a porous seal, even if 
the global permeability seems sufficiently low. CO2 accumulated into narrow paths will raise its pore 
saturation resulting in the improvement of mobility, that is, relative permeability in the seal. 
In this study, we assume that global seal permeability of 10-17 m2 is achieved by very low permeable 
mudstone matrix and networks of high permeable sandstone channels.  [5] 
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is adopted to represent such a seal layer. We investigate the effect of another property for stratigraphic 
trapping, capillary pressure. The computed results include the evolution of the CO2 plume, the amount of 
CO2 trapped by the dissolution and residual gas mechanisms and pressure change over time. 
2. Simulation approach 
2.1. Model setup 
An axisymmetric computational grid is used; it extends from r = 0 km to 20 km and z = 2 km depth to 
0 km depth in the horizontal and vertical directions, respectively (Fig. 1). The model represents 1700 
meters of alternating sandstone- and mudstone-dominated layers and 300 meters of overlying 
unconsolidated sediments based broadly upon the geological structure underlying the Tokyo Bay area in 
Japan [4]. The thickness of each alternating layer is 100 m (which is sufficiently thick compared to the 
vertical computational block size of 10 m).  
Table 1 summarises properties of the formations. The sandstone aquifers are represented by 
homogeneous porous media. The upper mudstone-dominated seal layers are represented by MINC 
double-porosity model [5] except for a reference case (in which the equivalent porous medium is 
adopted); the isotropic global permeabilities of 0.01 mD (1 mD = 10-15 m2) is assumed in base case. 
Matrix permeability is determined to be 10 nD as a perfect seal [1]. Volume fraction of channels Vf is 
determined to be 1 % in base case, that is, the permeability of channels will be about 100 times higher 
than the global permeability, 1 mD. The lower mudstone-dominated layers are represented by the 
equivalent porous media. 
Relative permeability models for CO2 and water are represented by Corey type curves and van 
Genuchten type curves, respectively (Fig. 2 (a)) Residual CO2/water saturation is determined to be 0.1 
and 0.2, respectively. These models are adopted for all rocks. Capillary pressure (from liquid to 
supercritical CO2 phase vs. aqueous phase) is represented by a van Genuchten-type model (Fig. 2 (b)); 
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where S* is the effective saturation. In base case, P0 of the seal is determined to be 0.05 MPa (that is, 
threshold pressure Pc|sc=0.1 = 27 kPa), representing the smallest capillary pressure for rocks of 1 mD from 
laboratory measurements [6-8]. P0 for the aquifers and unconsolidated sediments are determined based on 
this value and in proportion to kv-1/2. 
We carried out numerical simulations  
constitutive module [9, 10] which represents the thermodynamics and thermo-physical properties of H2O-
NaCl-CO2 mixtures over the range from liquid-CO2 to supercritical-CO2 conditions including the three-
phase region (liquid CO2, gaseous CO2 and the saline aqueous phase containing dissolved CO2). We 
simulated 50 years of supercritical CO2 injection at r=0 km and z=-1.05 to -0.95 km with a rate of 1 Mt/yr 
followed by 2950 years of shut-in. 
 
Table 1. Properties of formations. 
Formations Porosity  Global permeability k¯h ; k¯v [mD] Capillary pressure P0 [kPa] 
Sandstone aquifer 0.3 100; 10 16 
Mudstone-dominated seal 0.3 0.01; 0.01 (in the base case) 50 (in the base case) 
Unconsolidated sediments 0.5 100; 100 5 
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Fig. 1 Conceptual diagram of simulation. 
 
(a) (b)   
Fig. 2 Models of (a) relative permeability; (b) capillary pressure (Black lines indicate Pc|Sc=0.1). 
 
2.2. Case studies 
We conduct case studies to investigate the effects of seal properties, such as seal structure, capillary 
pressure, volume fraction, spacing and permeability of channels. Table 2 summarises the parameters of 
the cases. Case P is the reference case of porous seal. P0 of 0.05 MPa may be a little too small for the 
homogeneous permeability of 0.01 mD, however, we set the condition just to investigate the seal structure. 
Case D is the base case of double-porosity model. Spacing of sandstone channels  is determined to be 
2.5 m in this case. Case HC is the case of high capillary pressure, where P0 of the seal layer is modified to 
be 1 MPa (that is, threshold pressure Pc|sc=0.1 = 540 kPa), representing the largest value for rocks of 1 mD 
[6-8]. Case SV is the case of small volume fraction of channels, where Vf is modified to be 0.1 % (that is, 
the permeability of channels will be 10 mD). Case LP is also the case where Vf is 0.1 %, however, the 
global permeability of the seals is modified to be one-tenth of Case D at the same time. Thus, the 
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permeability of channels remains 1 mD in this case. Case WS is the case of wider spacing of channels, 
where  is modified to be 10 m. 
 
Table 2. Parameters of seal layer on case studies. 
Case Seal structure Global permeability 
k¯  (mD) 
Capillary pressure 
P0 (MPa) 
Volume fraction 
of channels Vf 
Spacing of  
channels  (m) 
Case P Porous 0.01 0.05 - - 
Case D Double-porosity 0.01 0.05 0.01 2.5 
Case HC Double-porosity 0.01 1.00 0.01 2.5 
Case SV Double-porosity 0.01 0.05 0.001 2.5 
Case LP Double-porosity 0.001 0.05 0.001 2.5 
Case WS Double-porosity 0.01 0.05 0.01 10 
 
3. Results and discussion 
3.1. Effects of seal structure 
Fig. 3 illustrates CO2 plume evolutions; snapshots of CO2 pore saturation at (1) t=50 years (the end of 
the injection), (2) t=1050 years, and (3) t=3000 years in case of (a) porous seal, Case P and (b) double-
porosity modelled seal, Case D, respectively. Note that the effective porosity in a double-porosity 
modelled seal is nearly 1 % of the aquifer because the fluids hardly seep into the matrix of 10 nD. 
Therefore, the amount of CO2 in the seal is 1 % of the aquifer at the same saturation. In Case P, most of 
the injected CO2 remains within the reservoir for the entire period of 3000 years irrespective of relatively 
small capillary pressure. CO2 plume evolves laterally beneath the seal and just a small portion of the CO2 
intrudes into the lowest portion of the seal during shut-in period. However, higher CO2 saturation in high 
permeable paths significantly accelerates the upward migration of CO2 in Case D. CO2 starts to intrude 
into the seal during injection period and reaches to the second aquifer right above the seal layer at t=3000 
years. About 20 % mass of the injected CO2 (including the mass trapped within the seal by the dissolution 
and residual gas mechanisms) has been escaped from the reservoir by this time in Case D. Fig. 4 shows 
the dissolved CO2 distribution in Case D at (a) t=1050 years and (b) t=3000 years. The flow rate of CO2 
through the seal is rather small mainly due to the small effective porosity. Thus, the intruding CO2 into 
the second aquifer is rapidly dissolved that gaseous CO2 saturation in the second aquifer rises very slowly, 
but CO2 does seep into the second aquifer over time (Fig. 3 (b-2, -3) and Fig. 4). 
Fig. 5 (a) shows the difference of the time history of the mass phase distribution of CO2 between these 
two cases. Solid lines and dashed lines indicate the mass of gaseous (super-critical) CO2 and dissolved 
CO2, respectively. At t=50 years, about 81 % of the injected CO2 is present as super-critical gaseous 
phase, and the remaining 19 % of the CO2 is dissolved in water in the both cases. During shut-in period, 
the phase distribution undergoes a drastic change. The ratio of the CO2 mass trapped by the dissolution at 
t=3000 years increases to 38.2 % and 46.0 % in Case P and Case D, respectively. This progression of the 
dissolution is due to more contact with the native brine. Therefore, more CO2 dissolves in Case P than in 
Case D where the upward migration of CO2 is significantly limited. The residual gas trapping also 
depends on the CO2 migration during shut-in period, because the mechanism mainly works in this period 
[2]. The ratio of the CO2 mass trapped by the mechanism at t=3000 years is 17.6 % and 21.6 % in Case P 
and Case D, respectively. Consequently, the mass fraction of CO2 stably stored is 45.8 % in Case P and 
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67.6 % in Case D at t=3000 years. Therefore, if the second aquifer could be also considered as a buffer 
for CO2, Case D might be better for the stable storage of CO2. Favourable case depends on the required 
seal integrity on the site.  
Fig. 5 (b) shows the difference of the time history of the pressure buildup between these two cases. In 
injection period, the bottom hole pressure buildup (at the top of the reservoir) hardly differs because CO2 
mainly evolves in lateral direction due to the high permeability. In shut-in period, the bottom hole 
pressure is relaxed more quickly in Case D where CO2 can migrate through the seal. The maximum 
bottom hole pressure buildup of about 4.4 MPa is observed in the years immediately following the start of 
the injection, and the injection pressure becomes slightly small over the injection time, differently from 
the single-phase fluid injection. It is probably explained by that the relative permeability of the two-phase 
flow becomes very low in early phase of the injection. 
Fig. 5 (b) also indicates that the pressure transient in seal layer would be different with the seal structure. 
In case of porous seal, Case P, the curve of the pressure change is similar in reservoir as shown in Fig. 4 
(b). However, in case of double-porosity modelled seal, Case D, the pressure propagation is more slowly. 
It may be explained by the difference of the hydraulic diffusivity  between the two cases. 
 
TC
k           (2) 
 
where , , and CT are porosity, viscosity, and total compressibility, respectively. Total compressibility 
CT becomes very large in two-phase region that the pressure propagation in seal layer in Case D where 
CO2 intrudes into the seal becomes slower than that in Case P. If this delay can be observed by the 
pressure transient/interference test, it will be help of characterising the structure of the seal. 
3.2. Effects of properties of high permeable channels 
Fig. 6 illustrates CO2 plume evolution in each case study of double-porosity model, Case HC, Case SV, 
Case LP, and Case WS. 
In case of high capillary pressure, Case HC, where the threshold pressure is as large as 540 kPa, the 
upward migration of CO2 is significantly constrained that most of CO2 remains within the reservoir in 
shut-in period (Fig. 6 (a)). The result indicates that the capillary pressure is a key factor of the seal 
integrity when the seal includes some high permeable channels, and its wide ranging magnitude for 
similar permeabilites is to be considered. 
If the global permeability is the same, smaller volume fraction of channels results in their higher 
permeabilities. Moreover, saturation of CO2 accumulated into narrower channels becomes higher and the 
relative permeability is more improved. Consequently, more CO2 escapes through the seal in Case SV 
than the base case (Fig. 3 and Fig. 6 (b)). However, if the permeabilites of the channels is kept as the 
same and their volume fraction is modified to be 0.1 % (that is, the global permeability is modified to be 
one-tenth of Case D at the same time), the amount of the CO2 intruding into the pore of the seal becomes 
nearly one-tenth of Case D (Fig. 6 (c)). This effects considerably constrains the upward migration of the 
CO2 that the amount of the CO2 escaped from the reservoir falls down to 4.2 % of the total injected CO2 
at t=3000 years. The amount is slightly larger than one-tenth of Case D. It may be due to the improved 
relative permeability of the accumulated CO2. Because the pore CO2 saturation rises to about 0.5 at max, 
the effects of the accumulation into the narrow channels should have an upper limit. If the volume 
fraction of the high permeable channels becomes too small, the seal layer will behave more like as a 
porous media. 
If the spacing of the channels  is larger, the relaxation time of the pressure equilibrium pe (which is 
inversely proportional to the hydraulic diffusivity  and ~ 2 × 106 sec in this study) in seal layer becomes 
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longer. Increasing  from 2.5 m to 10 m means that pe increases from a few months to a few years in this 
study. This slower relaxation of the pressure results in that CO2 gets higher pressure to migrate (Fig. 7). 
Consequently, CO2 migrates upward more quickly in Case WS than in Case D (Fig. 3 and Fig. 6 (d)). 
 
(a-1)  (b-1)  
(a-2)  (b-2)  
(a-3)  (b-3)  
Fig. 3 Contour maps of CO2 saturation in (a) Case P and (b) Case D at (1) t=50 years, (2) t=1050 years, and (3) t=3000 years. Red 
line indicates the bottom of the second aquifer. 
 
(a)  (b)   
Fig. 4 Contour maps of dissolved CO2 concentration in Case D at (a) t=1050 years and (b) t=3000 years. Red line indicates the 
bottom of the second aquifer. 
 
(a)  (b)  
Fig. 5 The differences of the time history of the (a) mass phase distribution of the CO2 and (b) pressure buildup depending on seal 
structure. 
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(a-1)  (b-1)  
(a-2)  (b-2)  
(a-3)  (b-3)  
 
(c-1)  (d-1)  
(c-2)  (d-2)  
(c-3)  (d-3)  
Fig. 6 Contour maps of CO2 saturation in (a) Case HC where P0=1MPa, (b) Case SV where Vf=0.1 % , (c) Case LP where k¯ =1 D 
and Vf=0.1 %, and (d) Case WS where =10 m at (1) t=50 years, (2) t=1050 years, and (3) t=3000 years. Red line indicates the 
bottom of the second aquifer.  
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(a-1)  (b-1)  
(a-2)  (b-2)   
Fig. 7 Contour maps of CO2 pressure buildup in (a) Case D and (b) Case WS at (1) t=50 years, and (2) t=100 years. 
 
4. Conclusion 
In this study, we investigate the effects of the permeability heterogeneity on seal integrity. MINC 
double-porosity model is used to represent a network of high permeable intra-layer channels in a low 
permeable matrix. Numerical investigation indicates that it is very important to characterise the volume 
fraction, spacing, permeability and capillary pressure of permeable channels if present in a seal layer. 
They have significant effects on the seal integrity, even if the averaged permeability seems low enough to 
store the injected CO2. On the other hand, CO2 will be stably trapped more quickly if it can use more 
space of formations. To predict the behaviour of the injected CO2, not only the global permeability and/or 
the core sample permeability, but also field-scale heterogeneity in seal should be carefully investigated. 
Pressure transient/interference tests may be useful for such characterisation. 
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